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ABSTRACT
In this paper, through the establishment of the experiment test platform, the synchronous test of
crankshaft rotation angle, cylinder pressure and valve motion of reciprocating refrigeration compressor is
realized. And the factors affecting the performance of reciprocating refrigeration compressor and the
performance of compressor are studied. The rotary encoder is used for monitoring transient pressure
variation of suction and discharge valve port and internal cylinder during compressor running. And it can
measure precisely the displacement of valve movement by optical fiber sensor. Through the study
analysis on P-V diagrams under different conditions, compressor suction and discharge process of work
and work loss are given to present relation between work and the refrigeration compressor condensing
temperature. And also analyzing suction and discharge valve movement curve is to study the delay
phenomenon while valve opening and closing, and present the most optimal proposal for valve plate
structure design.

1. INTRODUCTION
With the improvement of people's living condition and social’s higher requirement for energy
consumption, people have higher requirement for small reciprocating refrigeration compressors.
Meanwhile, the design of refrigeration compressor is also requested by higher level. Therefore, more and
more advanced design methodologies and solutions are gradually applied to the design of reciprocating
refrigeration compressors. The P-V diagram of reciprocating refrigeration compressor is an important
tool to study compressor’s running performance, monitor its status, collect pressure signals accurately
and then do statistical or thermodynamic analysis, which builds up important basis on the design and
optimization of small refrigeration compressors (Rigola J. et al,2002).
The P-V indicator diagram of reciprocating refrigeration compressor refers to the change of working
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chamber gas pressure with the rotation angle of the crankshaft during one compressor working cycle. The
measurement of the P-V indicator diagram plays the most important role in compressor’s micro-internal
working process test, because it can truly reflect the actual working process of the compressor, and
meanwhile provide basis for analyzing the performance parameters of the compressor (Marcelo
Alexandre REAL et al, 2010). As the "heart" of reciprocating refrigeration compressor, motion law and
dynamic characteristics of the reed valve determined compressor discharge capacity, power consumption
and operation reliability. However, compared with other kinds of compressors, refrigerator compressor
has compact structure, which is difficult for the measurement of P-V indicator and suction/discharge
valve movement curve. Therefore, it is of vital importance to test the P-V diagram of reciprocating
compressor and the motion curve of the suction and discharge valve (Bukac H. et al, 2002).

2. THEORETICAL STUDY OF THE REFRIGERATION COMPRESSOR
2.1 The mathematical model of cylinder volume and crank angle
The working process of reciprocating refrigeration compressor is realized by crank connecting rod
mechanism which drives the piston to reciprocate in the cylinder. Therefore, in order to acquire the
internal volume instantaneous change of compressor cylinder, it is necessary to establish the
mathematical model of the volume V and the crank angle θ of the cylinder (Nagy Daniel et al, 2008
and Erol H. et al, 1996). The motion diagram of the crank link mechanism is shown in figure 1.

Figure 1: The motion diagram of the crank link mechanism
According to the kinematic knowledge of crank link mechanism, the relationship between the piston
displacement χ and the Angle of rotation θ is as follows：

χ=

( + ) −

−(

+

)

（1）

Because of the complementary Angle between β and θ, the relationship between the two can be
expressed as：

χ=
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Take the expression √1 − λ sin θ going to be Taylor's formula：

√1 −

⁄2 −

=1−

（3）

⁄8 − ⋯

Ignore the exponential term in equation 3 and bring it in equation 2：

χ=
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− (1 +

（4）

⁄2)

−

The relation between the velocity of piston motion ν and the crank Angle θ is：

⁄
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Bring the equation 4 into equation 5：

= r(

+

（6）

)

Suppose the compressor is rotating at a constant speed during the working process and dθ⁄dt =
A，then

= rA(

（7）

2 ⁄2)

+

The relationship between the working volume V of the cylinder and the crank Angle θ is as follows：

V=

（8）

+

In the expression 8，V is the cylinder clearance volume and F is the piston sectional area.
Bring the equation 4 into equation 8，then

V=

+

( + ) −

− (1 +

−

（9）

⁄2)

Take the ratio of the actual volume of air intake V and the working volume of cylinder V as：

=

（10）

⁄

Then the relationship between the working volume of cylinder V and the Angle of crank Angle θ is
obtained：

V=

+

+

（11）

2.2 Calculation of Actual Cycle Indicating Work
Since data measured by experiment are all discrete, this experiment adopts the numerical integration
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method to solve the compressor's actual cycle indicator work. The idea of the numerical integration
method: A numerical method for determining the approximate value of an integral, that is, using the
discrete or weighted average approximation of a finite number of sampled values of the integrand to
replace the value of the definite integral. As shown in Figure 2 , the desired integral graph is divided into
m equal parts, and the values corresponding to n points f(n) and n+1 points correspond to the values of
f(n+1) for each small trapezoid. At the bottom and bottom, the height is the length m of ab, and the sum
of all the trapezoidal areas is added, ie, it is approximated as the entire integral area. The finer the equal
division, the closer the area to the actual area is.

Figure 2： Numerical Integration Method
Fig.3 shows a P-V diagram of a compressor. The area of a small section in the figure is the area
surrounded by points a, b, c, and d. The area enclosed by the area is:

f(n  1)  f(n)
2

dv 

g(n  1)  g(n)
2

dv

（12）

n  1, 2,3, 4,5...k
Compressor actual cycle indicator work:

k

[
n 1

（13）

f(n  1)  f(n )
g(n  1)  g(n )
dv 
]dv
2

2

n  1, 2,3, 4,5...k

f (n ),f (n  1), g(n ), g(n  1)

can be adopted by selected value, and

dv

can be obtained by

calculation. Suction and exhaust losses can also be calculated by the same method.
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Figure 3: P-V numerical calculation method

2.2 The dynamic characteristics of reed valve
Reed valves are commonly used in small refrigerator compressors. To ensure the compressor to complete
the process of inhalation and exhaust，the reed valve is continuously opened and closed under the action
of the gas thrust and the elastic force itself (Bhakta Aditya et al, 2012). Reed valve has the advantages of
simple structure, light weight, quick opening and closing, small clearance volume, especially its
formation of the clearance volume is the smallest of all kinds of valve, which is widely used in high
rotating speed air compressor, small refrigeration compressor, and higher pressure ratio compressor. The
simplest reed valve is an equal-width one that is fixed at one end and free at the other end. When the
valve plate is opened, the free end is tilted. When the valve plate is closed, the free end of the valve plate
is flatly attached to the valve seat. Figure 2 shows the motion of piston, PV diagram and the motion curve
of the reed valve in reciprocating refrigeration compressor.
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Figure 4: The motion of piston, PV diagram and the motion curve of reed valve in reciprocating
refrigeration compressor
As shown in figure 4, the curve of the valve motion is steeper, it means that the speed of the valve
is very fast in the process of opening and closing. As a result, the disc will rebound after impact lift
limiter or valve plate. In this process, the rebound of the valve can lead to "early closure" and
"delayed closure", it will lead to a reduction in the suction capacity of the cylinder, and also lead to
the emergence of "reflux phenomena", and further increase the speed of the valve against the seat,
make the valve more vulnerable to damage. The magnitude of the stress directly determining the
service life of the valve, which caused by the impact of the valve in the process of opening and
closing. This stress is related to the material of the valve sheet and the working condition of the
cylinder and the speed of the compressor, so reducing the comprehensive influence of each factor
is the key to improve the reliability of the air valve.

3. EXPERIMENTAL ASSEMBLY
Due to all components of the reciprocating refrigeration compressor are all in the sealed shell
cavity, which brings big difficulties on testing the PV diagram and the motion curve of the valve.
In addition, due to relatively small compressor volume, the installation of experimental test sensor
also meet problem (Rigola J. et al,2002 and Sarioglu Dr. Kemal et al, 2012). This experiment
provides a practical and effective method for the realization of experimental test by building a
simple reciprocating refrigeration compressor refrigeration cycle system.
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Figure 5: Experimental test platform for reciprocating refrigeration compressor
Figure 5 shows the experimental test platform of reciprocating refrigeration compressor, which consists
of refrigeration cycle system, data acquisition system and data display system. The simple refrigeration
cycle system is designed according to the refrigeration cycle, which include the main components of the
refrigeration cycle. The refrigeration circulation system can adjust the suction and exhaust pressure of
the compressor according to the actual needs through the throttle valve and expansion valve, so as to
realize the operation of the compressor in different working conditions. A flange shell is designed in this
experimental platform (figure 6) as the sealing chamber of the reciprocating refrigeration compressor.
The flanged shell not only provides enough installation space for the test sensor, but also facilitates the
repeated disassembly and installation of the compressor in the experiment, so as to realize the test of
different types of compressors.

Figure 6: Sensor installation schematic
Figure 6 shows the installation of each experimental test sensor in the flange shell. The upper shell of the
flanged shell is equipped with connected terminal, which is used to connect the rotary encoder and the
data acquisition system to realize the transmission of the internal data of the sealed shell. The optical
fiber sensor and pressure sensor data transmission line is equipped with metal armor, and the metal armor
seal is extruded through the thread pressure and rubber sealing ring.
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Figure 7: Installation diagram of

Figure 8: Test diagram of fiber

optical fiber displacement sensor

displacement sensor

Figure 7 shows the installation diagram of optical fiber sensor in the reciprocating compressor
experiment. The sensor top is perpendicular to the surface of valve, and keep the direction of light
propagation in optical fiber sensor and the valve displacement direction of consistency, while reducing
the influence of the optical fiber displacement sensor to exhaust cavity flow field.
Figure 8 shows the test mode of fiber displacement sensor. The left side of the figure shows the position
of the optical fiber sensor on the valve, while the transmitter and receiver of the fiber sensor are
positioned at the center of the spot and close together.

Figure 9: The installation diagram

Figure 10: Displacement

of the sensor on the cylinder

test of discharge valve plate

As shown in Figure 9, the fiber displacement sensor and the pressure sensor are both vertically fixed on
the cylinder head, where the top of the exhaust valve plate displacement sensor passes through the middle
part of the lift limit position. As shown in Figure 10, the middle part of the lift limit device opens a small
hole, and the center of the circular part of the discharge valve coincides with the opening center. In the
figure 11, 1 and 2 are the displacement sensor installation positions of the discharge valve and the suction
valve respectively, 3 is the suction pressure test point, and 4 is the exhaust pressure test point, 5 is the
installation position of pressure sensor in the cylinder, and the opening of the valve plate with five
corresponding valves can directly connect the cylinder, and the O-ring is used for sealing.
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Figure 11: A schematic diagram of the
sensor mounting position on the cylinder

Figure 12: Installation diagram of rotary encoder
During compressor working process, the piston can stop at any position of cylinder. Therefore, in order
to gain accurate characterization of the crankshaft rotation angle relation with the change of the pressure,
the rotary encoder is used to monitor the rotation Angle of the crankshaft and synchronously test of the
cylinder internal pressure and crankshaft rotation angle.
As shown in figure 12, the rotary encoder is fixed in the crankcase position through the bracket. And it is
connected to the crankshaft by soft connector to avoid such situation that compressor didn’t run well due
to component’s precision big deviation.

4. RESULTS
4.1 Analysis of the PV diagram in refrigeration compressor
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Figure 13: P-V diagram
During the entire cycle of the compressor, the volume of the gas in the cylinder changes periodically. The
compressor PV can be determined by the formula 9 and cylinder pressure test results. As shown in Fig.
13, 11575.950 mm³ is refrigerant volume of cylinder when suction finished. And according to P-V
diagram, cylinder gas work and suction/discharge power loss can be obtained during the periodical cycle
of the compressor. Calculate and save the calculated value by the created programming.
Table 1 shows the calculated data from standard operating conditions. The work of suction and discharge
loss is the reduction of work done by the pressure loss during suction and discharge.
Table 1: Valve pressure loss and PV effective work
Discharge loss

Suction loss

Compressor

Discharge loss

Suction

PV effective

work （J）

work （J）

cylinder work

(%)

loss(%)

work (%)

0.0561

0.0018

1.3440

1.404

4.174

94.422

Adjust the compressor performance test equipment, keep the reciprocating compressor suction
temperature of 32.2 DEG C, pressure 62.4KP, regulation of condensing temperature cycle different
condensing temperature of compressor working condition.

Figure 14: Pressure work in cylinder
From Fig. 14, it can be seen that with the condensing temperature from 40°C to 54°C, the work value of
the gas in the cylinder shows a trend of decreasing first and then increasing (the gas in the cylinder works
from 1.491J→1.322J→1.366J); when the condensing temperature exceeds at 54°C, the work of cylinder
th
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gas drops.

Figure 15: Discharge loss work
From Fig. 15, as the condensing temperature increases, the exhaust loss power shows a decreasing trend,
and the curve is relatively stable.

Figure 16: Suction loss work
From Fig. 16, the work of suction loss gradually decreases with the increase of the condensing
temperature. When the condensing temperature is higher than 50°C, the decreasing tendency of suction
loss power increases.

Figure 17: Discharge loss rate
th
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From Figure 17, the exhaust loss decreases with condensing temperature increasing. When the
condensing temperature is higher than 45°C, the exhaust loss rapidly decreases from 4.886% at 45°C to
4.161% at 60°C.

Figure 18: Suction loss rate
From Figure 18, the suction loss first rises and then falls with condensing temperature increasing, and the
maximum loss of suction is 2.024% at 45°C, and the suction loss decreases when the condensation
temperature is greater than 45°C, at 60°C suction loss was reduced to 1.231%.

Figure 19：The displacement of suction valve
The analysis of figure 14~ figure18 shows that with the increasing of condensing temperature, the work
loss of the reciprocating compressor is continuously reduced, and the work of the pressure in the cylinder is also decreasing. As shown in Figure 19, the opening height of suction valve decreases with conde
nsing temperature's increasing. Affected by the opening height of valve, the refrigerant intake of the co
mpressor cylinder is reduced. Under the elastic force of valve, the opening and closing delay of valve w
ill be reduced, and the loss of suction process will be also reduced. Similarly, the loss of the discharge
process is influenced by the lift height of the discharge valve slice, and the discharge loss is reduced.

4.2 Analysis on experiment test result of suction and discharge valve motion curve
Under the condition of R600a refrigerant, the inspiratory temperature 32.2℃ and suction pressure is
defined at 0.0623 MPa, and the discharge pressure is defined at 0.768 MPa. From Fig. 20, suction valve
th
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plate opens when the crank angle is 63±2°, and closes at 212±2°. The exhaust valve opens when the
crank angle is 333±2° and closes at 2±2°.
Take average result from eight groups of exhaust valves, and the lift of the exhaust valve is 0.801mm.
The displacement of a single exhaust valve is shown in Figure 21. The lift height of the exhaust valve is
affected by the lift limiter. Theoretically speaking, the lift height is 0.9mm. When the cylinder head
compresses the lift limiter, the lift limiter is deformed. The height of the process is reduced. Therefore, it
is reasonable to measure the lift height of the exhaust valve plate to 0.801 mm in this test. At the same
time, it also explains the effect of the three-point pressure fixing method of the lift limiter on the lift
height of the exhaust valve plate. It can be seen from Fig. 21，during the opening and closing process of
the exhaust valve plate, the valve plate fluctuates due to the pressure difference between the inside and
outside of the cylinder, and two fluctuation values appear. The maximum value is affected by the lift
limiter, and at the same time, the exhaust valve piece can be seen. The effective arm length is small and
the rigidity is large. During the whole process from opening to closing of the valve plate, there is no
chattering phenomenon appearing.

Figure 20: Pressure and valve displacement

Figure 21: Discharge valve displacement diagram
The displacement curve of suction valve plate is good. There are 8 groups of data, remove the
maximum and minimum, calculate the average lift of the valve, and then suction valve lift: 2.008mm.
Figure 22 shows curve diagram of single suction valve displacement. From Figure 22, we can see that the
maximum value of the inhalation valve flap is 2.008mm. The valve disc springs up and down due to the
spring force of the valve disc and the pressure difference between the inside and outside of the cylinder
th
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during the opening and closing of the valve plate. The valve plate fluctuates up and down, among which
there are three obvious lifts height, which is caused by fluttering during the movement of the valve plate.
And fluttering of the valve plate can cause suction pulsation during suction process.

Figure 22: Discharge valve displacement diagram

Figure 23: Delay of discharge valve opening

Figure 24: Delay of suction valve opening
Figure 23 and Figure 24, the suction and exhaust valve plates are opened in time delay. Due to the elastic
force of the valve plate, the suction and exhaust valve plates are opened with a certain time delay. It can
be seen from the figure, H series model valve opening is basically synchronized with pressure, and its
valve opening delay phenomenon is small.
th
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Figure 25: Delay of discharge valve closing
The phenomenon of reflux occurs not only on the suction valve but also on the discharge valve. If the
valve is closed in delay, there will be backflow. To some extent, the delayed closing of the valve plate is
unavoidable, because there are very few valves that can be closed with an accurate and excessive delay
under any condition. The influence of the backflow can be analyzed by means of the displacement of the
valve plate and the pressure information. Therefore, the use of this device can verify whether there are
reversed flow between these two valve plates. As shown in Fig. 25 and Fig. 26, when the discharge valve
and the suction valve plate get closed, there is closing delay around 1° of crankshaft angle rotating.
Therefore, it can be seen that the H series models have almost no delay when the valve plate is closed
from this test.

Figure 26: Delay of Suction valve closing

5. CONCLUSIONS
In this paper, by setting up test bench of P-V indicator diagram and the suction and discharge valve
motion curve, we tested our mass-production H series reciprocation compressor, and gained the P-V
indicator diagram and suction/discharge valve movements curve. And we did analysis on work by
refrigerant and work loss done in the process of suction and discharge during the compressor operating
process of the different condensing temperature. Meanwhile we also analyze the delay of the opening and
closing of the discharge valve.
From the experimental test results, we can see that under standard operating conditions (suction pressure:
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0.064Mpa, discharge pressure: 0.76Mpa), the opening and closing of H series models is running in
timely. The opening delay of the suction and discharge valve plates are all between 0.2 and 0.3 degrees of
the crank angle. The closing delay time of the suction and discharge valve plates is basically negligible.
The delay of the valve plate closing is about 1 degree of the crank angle. The maximum lift height of the
suction valve plate is 2.008mm. It is affected by the rigidity of the valve plate itself and the pressure
difference between the inside and the outside of the cylinder, the suction valve piece has obvious flutter;
the maximum lift height of the exhaust valve piece is 0.801mm, and the valve plate does not have
Obvious chatter.
When the suction pressure is constant (0.064Mpa), with the condensing temperature from 40°C to 54°C,
the work value of the gas in the cylinder shows a trend of decreasing first and then increasing. When the
condensing temperature exceeds 54°C, the gas in the cylinder decreases. With the increase of the
condensing temperature, the exhaust loss power shows a continuous declining trend, and the curve is
relatively stable. The suction loss work gradually decreases with the increase of the condensing
temperature. When the condensing temperature is higher than 50° C., the trend of the suction loss power
decreases increases.

NOMENCLATURE
R

The crank radius.

l

The center spacing between connecting rod size ends.

λ

The ratio of the crankshaft radius to the center of connecting rod length，λ = ⁄ .

β

The Angle between the connecting rod axis and the center line of the cylinder is the swing

Angle of the connecting rod.
θ

Crank Angle, usually refers to the crankshaft crank rotation Angle from the upper stop point

(that is, the position of the piston is furthest from the crankshaft).
χ

The displacement of the piston from the upper stop.

e

The eccentric distance between cylinder hole and axle hole.
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